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Flow patternIn this paper, two-phase ﬂow dynamics in a micro hydrophilic channel are experimentally and theoret-
ically investigated. Flow patterns of annulus, wavy, and slug are observed in the range of operating con-
dition. A set of empirical models based on the Lockhart–Martinelli parameter and a two-ﬂuid model using
several correlations of the relative permeability are adopted; and their predictions are compared with
experimental data. It shows that for low liquid ﬂow rates most model predictions show acceptable agree-
ment with experimental data, while in the regime of high liquid ﬂow rate only a few of them exhibit a
good match. Correlation optimization is conducted for individual ﬂow pattern. Through theoretical anal-
ysis of ﬂows in a circular and 2-D channel, respectively, we obtain correlations close to the experimental
observation. Real-time pressure measurement shows that different ﬂow patterns yield different pressure
evolutions.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Micro-channels are widely used in modern engineering, such as
lab-on-chips, PEM (Polymer Electrolyte Membrane) fuel cells, mi-
cro-heat pipes, and heat exchangers [1]. In PEM fuel cells, gas ﬂow
channels are characterized by their cross-section dimension at mi-
cro/millimeter scale and a length scale of around 10 cm [2]. Inmicro
heat pipes, ﬂow channels with 10500 lm hydraulic diameter are
frequently used for cooling microelectronic chips or electronic
devices thanks to their high heat conductance and large capability
of heat transfer [3]. Micro-channel heat exchangers (MCHX) of
hydraulic diameter ranging from 25 lm to 56 mm are widely
applied to HVAC systems [4,5]. Fig. 1 shows the channel system of
PEM fuel cells or micro heat exchangers. Two-phase ﬂows are fre-
quently encountered in these devices as a result ofwater production
or phase change. Because ofmicro-scale ﬂow, surface tension is usu-
ally signiﬁcant, as opposed to the gravitational or inertial forces, for
the occasions of small Bond number (Bo = qgL2/c) or Capillary num-
ber (Ca = lUG/c) [6]. In PEM fuel cells, liquid water can block the
pathway of air ﬂow and hamper oxygen supply for the electrochem-
ical reactions [7]. In micro heat pipes, liquid-phase working ﬂuid,
driven by capillary force, may encounter a large resistance to the
evaporator side, leading to dry out of the evaporator [3].
Flow pattern and pressure drop are two important characteris-
tics of multiphase ﬂow in micro channels. To visualize ﬂow pattern,transparent devices are usually designed [8–10]. Cheng et al. [11]
reviewed various two-phase ﬂow patterns. As the gas ﬂow rate
increases two-phase ﬂow experiences bubbly ﬂow, plug ﬂow, slug
ﬂow, churn ﬂow, annular ﬂow and mist ﬂow. The type of ﬂow
patterns depend on the channel orientation (vertical/horizontal),
surface tension, and contact angle. In micro channels, mist ﬂow,
droplet formation, annulus, and slug ﬂow are frequently observed
[12–14]. Lately, Neutron radiography is adopted to detect the
in situ volume fraction of liquid water [15–18], revealing spatial
and temporal variations of liquid water.
To characterize two-phase ﬂow, pressure drop is frequently
measured. David et al. [19] developed the correlation between
pressure drop and heat ﬂux in MCHXs both numerically and exper-
imentally, and they found ﬂow pattern affects both pressure drop
and heat transfer coefﬁcient. Zhang et al. [20] presented the pres-
sure ﬂuctuation in a MCHX with a channel cross-section around
10200 lm. They showed that bubble production greatly impacts
the pressure. Wu and Cheng [21] studied the pressure drop in boil-
ing instability analysis of MCHXs, and tested eight parallel micro
channels under various mass and heat ﬂuxes. Two-phase pressure
oscillates when boiling becomes unstable.
Modeling is important to the study of two-phase ﬂow funda-
mentals. The homogeneous ﬂow assumption is often adopted in
modeling, which uses average quantities as major variables regard-
less ﬂow patterns. [22–23] Various empirical correlations using the
Lockhart–Martinelli parameter, following the Martinelli method
[24], have been proposed to validate experimental data [25–29].
Physics-based two-ﬂuid models can be developed, which consists
Nomenclature
A area [m2]
C Chisholm parameter []
Dh hydraulic diameter [m]
f fanning friction factor []
F Faraday constant [96,485 C/mol]
g gravitational acceleration [m/s2]
H channel height or tube diameter [m, mm]
I current density [A/cm2]
k relative permeability []
K absolute permeability [m2]
L channel length [m]
m mass ﬂux [kg/s]
n number of electrons transferred in the reaction []
p pressure [pa]
R gas constant [J/K mol]
RH relative humidity []
s saturation []
T temperature [K, C]
U, u velocity [m/s]
W channel width [m]
Re Reynolds number []
x vapor quality []
X Lockhart–Martinelli parameter []
Greek letters
a charge transfer coefﬁcient []
c surface tension [N/m]
n Stoichiometric number []
l viscosity [kg/m s]
q density [kg/m3]
U2 two-phase friction multiplier []
Subscripts
2u two-phase
c critical
C cathode
e effective
G gas phase
L, l liquid phase
mem membrane
w water
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the two phases. In porous media or capillary tubes, ﬂuid ﬂows
can be described by Darcy’s law. The relative permeabilities are
usually deﬁned to account for phase interaction [30–35]. Table 1
summarizes several empirical models using the Lockhart–Marti-
nelli parameter and correlations for the relative permeability. In
this work, ﬂow pattern, two-phase friction multiplier, and real-
time pressure drop are visualized/measured and presented under
various conditions in a hydrophilic channels. Model predictions
are compared with experimental data.
2. Experimental
2.1. Experimental setup
A single straight rectangular channel (1.68  1.00  150 mm3)
was designed and fabricated for experiment. Micro channels wereFig. 1. Micro channels in PEM fuel cells or micro heat exchangers.fabricated in a hydrophilic plate of 1.00 mm thickness using a high-
precision CNC machine. The plastic components of the testing de-
vice were machined using the laser facility (precision: 50 lm) of
the RapidTech on UCI campus. Fig. 2 shows schematic of the exper-
imental test section. The machined channel plate of 1 mm thick-
ness and the transparent window (polycarbonate) of 5.0 mm
thickness are clamped between a base and an aluminum endplate
with O-rings in between to seal the device. Micro holes were ma-
chined in the base plate and proper ﬁttings were added for liquid
water injection and air supply as well as pressure measurement.
Humidiﬁed air (RH 100%) is supplied by a mass ﬂow controller,
whereas liquid water is injected by a microﬂuidic pump with accu-
racy (±0.35%, ±5.83  1010 m3/s). The total channel length is
150 mm; and the distance for pressure drop measurement is
130 mm, which excludes the inlet and outlet areas (5 mm after
the liquid injection site, and 10 mm ahead of the outlet). As the
testing portion is away from the injection inlet and outlet ports,
any unexpected disturbances arising from the presence of the inlet
or outlet are diminished. In past, we observed two-phase ﬂow in
these areas caused local ﬂow instability and liquid accumulation
[30]. A camera-integrated microscope was placed over the trans-
parent window to record ﬂow pattern. The pressure drop was mea-
sured by a pressure transducer (Setra Model 230) with accuracy of
±0.25% FS. A NI DAQ system (6025E & SCB100) was linked to the
pressure transducer to record the data at a frequency of 10 Hz. In
experiment, various ﬂow conditions were investigated, with each
condition repeated twice during the day (i.e. without restarting
the test) and more than twice in different days (i.e. restart the test-
ing). Fig. 3 shows the schematics of experimental setup.2.2. Experimental procedure and method
Real-time pressure drop was measured in duration of up to
30 min. The camera records the real-time ﬂow pattern in the last
ﬁve minutes. Under high air ﬂow rates, two-phase ﬂow is stable
with small ﬂuctuation demanding short recording duration. Under
low air ﬂow rates, slug formation causes signiﬁcant periodic ﬂuctu-
ation in pressure drop, thus it takes longer for measurement. In
experiment, both single- and two-phase ﬂows were tested for a
Table 1
Two-phase pressure correlations and models.
Type Author Equation Channel dimensions & working ﬂuids
Empirical models
dp
dx
 
TP
¼ dpdx
 
G
U2G
U2G ¼ 1þ C  X þ X2
X2 ¼ ðdp=dxÞLðdp=dxÞG
Lockhard and Martinelli [24] C = 5 1.49–25.83 mm
air; water, oil, hydrocarbons
Mishima and Hibiki [25] Crec ¼ 21½1 expð0:319DhÞ
Ccir ¼ 21½1 expð0:333DÞ
1.05–4.08 mm
air; water
Sun and Mishima [26]
C ¼ 1:79 ReGReL
 0:4
1x
x
 0:5 0.506–12 mm
air; water, refrigerant, CO2
Li and Wu [27] C ¼ 11:9Bo0:45 Bo 6 1:5Þ
C ¼ 109:4ðBoRe0:5L Þ
0:56 ð1:5 < Bo 6 11Þ
0.148–3.25 mm
12 ﬂuids
Zhang et al. [28] C ¼ 21½1 expð0:674=LoÞ ðliquid—gasÞ
C ¼ 21½1 expð0:142=LoÞ ðliquid—vaporÞ
0.07–6.25 mm
7 ﬂuids
Kim and Mudawar [29]
C ¼ 3:5 105Re0:44L Su0:50G qLqG
 0:48 0.0695–6.22 mm
17 ﬂuids
Two-ﬂuid model
DPG ¼ x þ
R 1
x
1
krG
dx^
Wang [30] krL ¼ snke ; krG ¼ ð1 seÞnk 1.0 mm
air; water (theoretical)
Nowamooz et al. [31] krL ¼ s1:15e ; krG ¼ ð1 seÞ3:05 0.429 mm (Fracture)
air; water
Corey [40] krL ¼ s4e ; krG ¼ ð1 seÞ2ð1 s2e Þ Not speciﬁed gas; oil
Fourar and Lenormand [33] krL ¼ s
2
l
2 ð3 slÞ;
krG ¼ ð1 slÞ3 þ 32 lGlL slð1 slÞð2 slÞ
Viscous coupling model
Huang et al. [34] krL ¼ s
2
l
2 ð3 slÞ
krG ¼ ð1 slÞ 32 lGlL þ ð1 slÞ
2 1 32 lGlL
 h i Analytic modeling based on LBM
Chen et al. [35] krL ¼ 0:2677s3l þ 0:331s2l þ 0:3835sl
krG = 0.502(1  sl)3 + 0.1129(1  sl)2 + 0.3483(1  sl)
0.13 mm (Fracture)
air; water
Fig. 2. Schematics of the experimental test device.
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The speciﬁc experimental procedure is listed as follow:
(1) Under no liquid injection, the ﬂow is essentially single-phase
ﬂow: the single-phase pressure drop is measured at various
air ﬂow rates using the pressure transducer.
(2) Liquid water is injected at a ﬁxed rate with the air ﬂow rate
increasing from the lowest to highest velocity. Measure-
ments are taken.
(3) The liquid water rate is increased to another rate, with air
velocity increasing from the lowest to highest velocity. Mea-
surements are taken for each case.
(4) Repeat (3) till the highest liquid ﬂow rate is reached, then
reduce the liquid ﬂow rate and repeat the testing.
(5) The testing is repeated in another day, and randomly set a
liquid injection rate for measurement at various air ﬂow
rates.
Once the real-time pressure drop was obtained, the average
pressure drop was calculated over all the data in the last ﬁve
minutes of each run. The two-phase friction multiplier is calcu-
lated asU2G ¼
ðdp=dxÞtwophase
ðdp=dxÞsinglephase
ð1Þ
The uncertainty in the pressure ampliﬁer measurement is calcu-
lated through the follow:
dU2G ¼
Dptwophase
ðDpsinglephaseÞ2
dDpsinglephase
" #2
þ 1
Dpsinglephase
dDptwophase
" #28<
:
9=
;
1=2
ð2Þ
where Dptwo-phase and Dpsingle-phase are the average measured
pressure drops for two-phase and single-phase ﬂows, respectively;
and dDp is obtained from the pressure transducer accuracy (±0.25%
FS). Sample estimation of uncertainty is shown in Fig. 5.
2.3. Operating condition
In experiment, the operating condition of PEM fuel cells is used
as reference: the water production rate is calculated via Faraday’s
law:
Sw ¼ I  Amem2F ¼
I  L W
2F
ð3Þ
Fig. 3. Schematics of experimental setup.
Fig. 4. Superﬁcial phase velocities under various stoichiometry ratios (nc); and
typical fuel cell operating condition (I = 1.0 A/cm2) (thin line: 1 atm, 25 C; thick
line: 2 atm, 80 C. channel cross section: 1.0  1.68 mm2).
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the membrane area for electrochemical reaction, and L and W are
the length and width of a gas ﬂow channel. With the water produc-
tion rate, for same channel and land width the superﬁcial velocity of
liquid water at the channel outlet is calculated by:
UL ¼ I  L MwF  qw  H
¼ Mw
qw
I  L
F  H ð4Þ
where H is the channel height. The channel air stream provides oxy-
gen for the electrochemical reaction in PEM fuel cells. The superﬁ-
cial gas-phase velocity is calculated through the cathode ﬂow
stoichiometry nC and current density I:
UG ¼ I4F
1
CO2
L W
0:5W  H  nC ¼
1
2CO2
 nC 
I  L
F  H ð5Þ
Thus, the ratio of the two superﬁcial velocities gives:
UG
UL
¼ qw
2CO2Mw
 nC ð6Þ
For a speciﬁc condition given below:
UG
UL
¼ 2771:177  nC for 25 C@1 atm ð7Þ
UG
UL
¼ 2073:146  nC for 80 C@2 atm ð8Þ
For the standard values of nC in PEM fuel cells, e.g., 1.5 or 2.0, the
gas-phase velocity is about 3000–4000 times higher than the liquid
one, clearly indicating the sluggish liquid-phase ﬂow. Fig. 4 presents
the ratio between the air and water superﬁcial velocities for typical
operating conditions in PEM fuel cells. Experiment was conducted
under room temperature; and the water and air ﬂow rates are in
the range of 0:5 104 6 UL 6 1:0 103 m=s and
0:55 6 UG 6 9:36 m=s, respectively, i.e. 0:39 6 Ggas=Gtotal 6 0:99.
3. Two-phase ﬂow modeling
Numerous empirical and analytic two-phase models have been
developed. A popular approach is to assume homogeneous proper-
ties of two-phase ﬂow [22–23]. Empirical correlations using the
Lockhart–Martinelli parameter, following the Martinelli method[24], have been proposed based on experimental data [25–29].
The two-ﬂuid model is formulated with the governing equations
developed for individual phase ﬂows. In porous media or capillary
tubes, the momentum equations of two phases can be approxi-
mated using Darcy’s law with the relative permeabilities deﬁned
to account for phase interaction [30,31–35].
3.1. Homogeneous ﬂow model
Homogeneous ﬂow models assume the mixture of two phases
as a single phase ﬂuid. The single-phase pressure relations are usu-
ally extended to two-phase ﬂow using the average properties of
the two-phase mixture:
Dp
Dz
 
¼ 2f 1
Dh
G2
q2/
ð9Þ
where f is the fanning friction factor, G is the mass ﬂux of the two-
phase ﬂow, and Dh is the channel hydraulic diameter. The friction
Fig. 5. Experimental uncertainty.
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of two-phase viscosity and density are suggested. McAdams et al.
[22] gave:
1
l
¼ x
lv
þ 1 x
ll
ð10Þ
The above is also suggested by Bittle and Pate [36] as the best match
for ﬂow in adiabatic capillary tubes for R134a, R22 and R152a. An-
other popular model is given by Cicchitti et al. [23] as
l ¼ xlv þ ð1 xÞll ð11Þ
Beattie and Whalley [37] took into account ﬂow pattern. For many
bubble and annular ﬂows, the two-phase viscosity is given by:
l ¼ llð1þ 2:5bÞ for bubble flow ð12Þ
l ¼ llð1 bÞ þ lvb for annular flow ð13Þ
where b ¼ qlx
qlxþ qvð1 xÞ
These homogeneous correlations are usually developed based on
macro-scale pipe ﬂows or high ﬂow rates in which the capillary
force and surface tension are less important.
3.2. Lockhart–Martinelli parameter and empirical models
The famous and widely applied correlation was developed by
Lockhart and Martinelli [24]. They deﬁned the Lockhart–Martinelli
parameter (X) and developed an empirical model based on the
experiment results of ﬂow of water, oils and hydrocarbons in
1.4925.83 mm diameter pipes. The two-phase frictional multi-
plier ðU2GÞ is deﬁned to indicate the inﬂuence of two-phase ﬂow
on pressure drop, expressed as a function of the Lockhart–Marti-
nelli parameter:
U2G ¼ 1þ C  X þ X2 ð14Þ
X ¼ mL
mG
ﬃﬃﬃﬃﬃﬃ
qG
qL
r
ð15Þ
where C is the Chisholm parameter, a coefﬁcient relevant to
whether the ﬂow is laminar or turbulent. For laminar liquid and
gas ﬂows, the value of C is 5. In addition to the base correlation pro-
vided by Lockhart and Martinelli, several empirical models were
proposed for the coefﬁcient. Mishima and Hibiki [25] proposedthe following coefﬁcient C for air–water ﬂow in rectangular and cir-
cular channels with a hydraulic diameter of 1.054.08 mm:
C ¼ 21½1 expð0:319DhÞ for rectangular channel ð16Þ
C ¼ 21½1 expð0:333DÞ for circular tube ð17Þ
where Dh is the hydraulic diameter. Sun and Mishima [26] proposed
another model by taking the ratio of the Reynolds numbers and
mass quality x into account. The correlation is based on the exper-
imental data of channels with a hydraulic diameter of
0.50612 mm:
C ¼ 1:79 ReG
ReL
 0:4 1 x
x
 0:5
ð18Þ
Li andWu [27] compared experimental data and correlation models
in previous literature, indicating that the Bond number and Rey-
nolds number affect the coefﬁcient C. Through statistical analysis,
they showed that the correlation changes its form at Bo = 1.5:
C ¼ 11:9Bo0:45 for Bo 6 1:5 ð19Þ
C ¼ 109:4ðBoRe0:5L Þ
0:56
for 1:5 < Bo 6 11 ð20Þ
The database was obtained for a channel dimension of 0.148–
3.25 mm and 12 ﬂuids. Zhang et al. [28] obtained a general correla-
tion of the Chisholm parameter based on previous experimental
data. Following artiﬁcial neural network technique, a non-dimen-
sional Laplace constant Lo⁄ is introduced (Lo⁄ 	 [c/g(qL  qG)]0.5/
Dh):
C ¼ 21½1 expð0:674=LoÞ for liquid—gas flow ð21Þ
C ¼ 21½1 expð0:142=LoÞ for liquid—vapor flow ð22Þ
They pointed out that the mass ﬂux, mass quality, and pressure
have minor impact on the results. Kim and Mudawar [29] proposed
a universal model based on about 7000 data and 17 ﬂuids, and the
hydraulic diameter ranging 0.0695–6.22 mm. They used the Surat-
man number, deﬁned as Su = qcDh/l2. For laminar liquid and gas
ﬂows, the Chisholm parameter C is correlated as:
C ¼ 3:5 105Re0:44L Su0:50G
qL
qG
 0:48
ð23Þ
where ReL is the liquid-phase Reynolds number (ReL = GDh/lL) and
SuG is the gas-only Suratman number.
3.3. Two-ﬂuid model
Two-ﬂuid modeling is based on physics of ﬂuid ﬂows, consisting
of two sets of governing equations for liquid and gas ﬂows, respec-
tively. In Wang [30], micro ﬂow channels are treated as the pore
network of a structured porous medium, thus Darcy’s law is appli-
cable. Applying Darcy’s law to individual phase yields:
UL ¼  krLKlL
dPL
dx
for liquid phase ð24Þ
UG ¼  krGKlG
dPG
dx
for gas phase ð25Þ
where UL and UG denote the superﬁcial velocities of liquid and gas
phases, respectively, and krL and krG are the relative permeabilities,
respectively. In PEM fuel cells, inlet dry air stream initially absorbs
water from the ORR’s production, till reaching its saturated state.
When liquid emerges, all product water is added to liquid phase.
Before that, the channel stream is essentially single phase ﬂow.
The transition point is denoted by x⁄, then the pressure in the gas
ﬂow channel is given by [30]:
Fig. 6. Saturation level estimated by the two-ﬂuid model (nk is the exponent in Eq.
(29)).
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Z x
x
lLUL
krLK
dx^ for liquid phase ð26Þ
PG ¼ PGðxÞ  Lx
Z x
x
lGUG
krGK
dx^ for gas phase ð27Þ
A dimensionless pressure drop, scaled by the single-phase pressure,
can then be derived as [30]:
DPG ¼ x þ
Z 1
x
1
krG
dx^ ð28Þ
Eq. (28) shows that the two-phase friction multiplier is a function of
the gas-phase relative permeability. The relative permeability mea-
sures the interaction between the two phases, and is a function of
the saturation. The following correlation is frequently used [30]:
krL ¼ snke ; krG ¼ ð1 seÞnk ð29Þ
where se is the effective liquid-phase saturation, given by:
se ¼ ½sl  sir=½1 sir ð30Þ
The value of nk is usually set to be around 34 for the GDLs (Gas
Diffusion Layers) of PEM fuel cells [38,39]. Several other correla-
tions have been developed for the relative permeability. Nowamooz
et al. [31] reported the optimized value of nk as 1.15 and 3.05 for krL
and krG, respectively. Corey [40] suggested nk to be 4 for krL:
krL ¼ s4e ; krG ¼ ð1 seÞ2ð1 s2e Þ ð31Þ
Fourar and Lenormand [33] proposed a correlation taking into
account the viscosities. They considered stratiﬁed ﬂows between
parallel plates. Through the Stoke’s equation, viscous coupling is
derived; and through generalized Darcy’s equation the relative per-
meability is derived as below:
krL ¼ s
2
l
2
ð3 slÞ; krG ¼ ð1 slÞ3 þ 32
lG
lL
slð1 slÞð2 slÞ ð32Þ
Similarly, Huang et al. [34] analytically derived the relative perme-
ability for annulus in a 2-D channel:
krL ¼ s
2
l
2
ð3 slÞ; krG ¼ ð1 slÞ 32
lG
lL
þ ð1 slÞ2 1 32
lG
lL
 	 

ð33Þ
Chen et al. [35] studied two-phase ﬂow characteristics in fracture
media. The dimension of fracture gap was 0.13 mm and the work-
ing ﬂuids are air and liquid water. They took a tortuous channel ap-
proach and ﬁt the relative permeability with their experimental
data:
krL ¼ 0:2677s3l þ 0:331s2l þ 0:3835sl ð34Þ
krG ¼ 0:502ð1 slÞ3 þ 0:1129ð1 slÞ2 þ 0:3483ð1 slÞ ð35Þ
Table 1 summarizes a set of the two-phase correlations using the
Lockhart–Martinelli parameter and relative-permeability correla-
tions in two-ﬂuid models.
3.4. Two-ﬂuid model prediction under experiment condition
In experiments, the ﬂow rates of air and liquid water are ﬁxed
under each operating condition. The air ﬂow is fully humidiﬁed be-
fore fed into the channel. Assuming no supersaturated vapor state,
the air and liquid ﬂow rates are constant for the portion of chan-
nels where the pressure drop is measured, i.e. the distance of the
transition point x⁄ is zero in the experiment. Then, Eq. (28) changes
to:
DPG ¼ 1krG ð36ÞTo compare model predictions with experimental data, the mean
absolute error (MAE) was taken:
MAE ¼ 1
N
X
N
½dp=dxTP;predicted  ½dp=dxTP;measured
½dp=dxTP;measured

 100 ½% ð37Þ
In addition, the liquid saturation sl can be evaluated by the two-
ﬂuid model as well [30]. Fig. 6 presents the liquid saturation pre-
dicted by the two-ﬂuid model using different correlations for the
relative permeability. Liquid saturation changes inversely with the
gas ﬂow rate, because the gas ﬂow provides the force to drive liquid
ﬂow. It can be seen that the choice of the relative permeability cor-
relation signiﬁcantly affects the prediction of liquid saturation.4. Results
4.1. Two-phase ﬂow patterns
In experiments, three major patterns of two-phase ﬂows were
observed, as shown in Fig. 7. Under low gas ﬂow rates (the top plot
in Fig. 7(a)), liquid water cannot be efﬁciently removed by gas ﬂow,
thus accumulates and eventually block the channel by forming
slug ﬂow. Slug formation considerably increases pressure drop:
when a slug forms, the liquid water in the slug rapidly accelerates
to the speed of gas ﬂow, i.e. the upstream gas ﬂow needs to push
the slug to move at the same pace as the gas ﬂow. In addition,
rapidly-moving slug constantly absorbs low-speed ﬁlm liquid,
resisting gas-phase ﬂow, see Fig. 7(b). Note the liquid ﬁlm ﬂow is
much slower than the gas ﬂow. As the air ﬂow rate increases
(the middle plot in Fig. 7(a)), the drag force by air ﬂow becomes
larger, reducing liquid accumulation and eventually avoiding slug
formation. As shown in the ﬁgure, liquid droplets under certain
size appear in the corner areas. A droplet can remain static when
the drag force by the air ﬂow is relatively weak or move along with
the gas ﬂow when the gas ﬂow drag overcomes the wall adhesion
on the droplet. In certain condition, droplets merge, yielding a big
bulk droplet as a result of surface tension to minimize the surface
energy. In addition, liquid corner ﬂow or ﬁlm ﬂowwith wavy phase
interface was also observed. Unstable ﬂow, droplet formation
(which inﬂuences local gas ﬂow), or droplet merging to ﬁlm ﬂow
may cause the wavy interface. In addition, as seen from this ﬁgure,
topography of two-phase ﬂow varies from location to location
under this intermediate gas ﬂow condition. Droplets can appear
Fig. 7. Visualization of two-phase ﬂow patterns; and a schematic of slug formation.
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to see from this visualization; we suspect there will be some due to
the hydrophilic surface. As the air ﬂow rate further increases (the
bottom plot in Fig. 7(a)), small droplets cannot remain static, and
liquid water forms ﬁlm ﬂow on the surface with smooth liquid–
air interface: the two-phase ﬂow becomes stable stratiﬁed ﬂow.
In addition, similar ﬂow patterns were observed in Adroher and
Wang [30]. Different with their work, the present study considered
a longer channel length, which has less impact from the outlet
area: the two-phase ﬂow in the outlet area shows complex dynam-
ics as a result of the sudden change in ﬂow path: from a narrow
channel to a wide space of the outlet (manifold). They showed a
ﬁgure (Fig. 8 in Ref. [27]) of highly unstable two-phase dynamics
occurring in the outlet area, which likely affects the upstream ﬂow.Fig. 8. Schematic of two-phase ﬂow (annulus) in a 2-D channel (between two
parallel plates) or tube in the analysis.4.2. Two-phase pressure drop
The ﬂow pattern visualization indicates that the channel ﬂow
experiences differing two-phase ﬂow structures and interaction,
depending on ﬂow conditions. Consequently, the pressure dropcan follow different trends. For annulus, analytical solutions can
be derived for both tube and 2-D channel ﬂows, see Fig. 8.4.2.1. 2-D theoretical solution for annulus tube ﬂow
Fig. 8 schematically sketches the two-phase annulus ﬂowwith a
stable liquid–gas interface. In the following analysis, a uniform
liquid ﬁlm thickness is assumed, which is consistent with the
experimental condition: in the experiment, liquid is injected
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form in its thickness (if it is stable annulus). In this considered ﬂow
pattern, the liquid velocity is much less than the gas one, because
the ﬁlm is usually thin and liquid viscosity is relatively large. For
analysis purpose, we assume no-slip condition. This assumption
enables us to obtain analytical solution based on existing pipe ﬂow
theories. Assuming fully developed condition for gas ﬂow, the gas-
ﬂow momentum equation can be written by:
1
r
@
@r
r
@u
@r
 
 1
l
dp
dz
¼ 0 ð38Þ
The symmetry at the channel centerline and no-slip condition on
the surface of liquid phase are set as the boundary conditions:
@u
@r ¼ 0 @ r ¼ 0
u ¼ 0 @ r ¼ H  HL
ð39Þ
Note that liquid ﬁlm covers all the inner surface and the channel
diameter is 2H. The above problem is analytically solved to obtain
the gas velocity:
uðrÞ ¼ 1
4l
dp
dz
½r2  ðH  HLÞ2 ð40Þ
Integrating the gas-ﬂow velocity to obtain the volumetric ﬂux, the
superﬁcial gas velocity UG, is calculated by:
UG ¼ 1
pH2
Z HHL
0
uðrÞ  2prdr ¼  1
8l
dp
dz
1
H2
ðH  HLÞ4 ð41Þ
Through comparing with Darcy’s law (Eq. (25)), the relative perme-
ability is derived as:
krgK ¼ 1
8H2
ðH  HLÞ4 ¼ H
2
8
1 HL
H
 4
ð42Þ
The liquid saturation in a cylindrical domain is deﬁned as the ratio
of the liquid volume to channel volume, i.e.
sl ¼ 2HLH 
HL
H
 2
! 1 sl ¼ 1 HLH
 2
ð43Þ
Eq. (42) then changes to:
krgK ¼ H
2
8
ð1 slÞ2 ) krg ¼ Að1 slÞ2 ð44Þ
A is a constant depending on the absolute permeability and channel
geometry (A = H2/8K). In addition, krg equals to 1 when sl = 0, thus
A = 1 or
krg ¼ ð1 slÞ2 ð45Þ
Compared to the relative permeability deﬁned by Eq. (29), this der-
ivation shows nk is 2. Note that the above is for the annulus ﬂow in a
tube.
4.2.2. Theoretical solution for ﬂows between parallel plates
Similar steps are followed for analytic solution of laminar ﬁlm
ﬂows between two parallel plates. In this case, liquid ﬁlm covers
the surface of both plates, and the channel height is 2H. A stratiﬁed
ﬂow between two parallel inﬁnite plates is assumed and 2-D
momentum equation is expressed as:
l @
2u
@y2
 dp
dx
¼ 0 ð46Þ
Boundary conditions are based on the symmetric velocity proﬁle
and non-slip condition, and the fully developed velocity proﬁle is
solved as:
uðyÞ ¼ 1
2l
dp
dx
½y2  ðH  HLÞ2 ð47ÞThe corresponding superﬁcial air velocity is calculated by
ug ¼  13l
dp
dx
1
H
ðH  HLÞ3 ð48Þ
In this situation, the liquid saturation is the ratio of channel height
and water ﬁlm thickness, i.e.
sl ¼ HLH ð49Þ
By comparing with Darcy’s law, the permeability is expressed as a
function of saturation:
krgK ¼ H
2
3
ð1 slÞ3 ð50Þ
Compared to the relative permeability deﬁned in Eq. (29), the above
derivation indicates that nk is equal to 3 for stratiﬁed ﬂow between
two parallel plates.
4.2.3. Experimental results
Fig. 9 compares the present experimental data with the predic-
tion of several empirical models using the Lockhart–Martinelli
parameter. For the two conditions of low liquid ﬂow rates, i.e. (a)
and (b), all of the models agree reasonably well with the experi-
mental data. For the two high liquid injection rates, i.e. (c) and
(d), the predictions deviate from the experimental curve a little
bit, but still follow the trend. The experimental results show a large
ﬂuctuation in the measurement. The ﬂuctuation likely results from
the fact that a higher addition rate of liquid causes more water
accumulation, yielding unstable two-phase ﬂow. The deviation be-
comes larger under higher liquid ﬂow rates.
Fig. 10 shows the two-ﬂuid model predictions using different
correlations of relative permeability against the experimental data.
Again, most of the correlations show a good match with the exper-
imental data under low liquid ﬂow rates. Under high liquid ﬂow
rates, good match was achieved by some correlations (e.g.,
nk = 2.0 and 2.5). As to the ﬂuctuation under high liquid injection
rates, most of the experimental data are enclosed by the two lines
of the relative permeability correlation (Eq. (29)) using nk = 2.0 and
2.5 except under the very low gas ﬂow rate. Fig. 11 presents de-
tailed comparison between the experimental measurement and
model prediction for each correlation of the relative permeability.
Most cases show a close match with experimental data in the re-
gime of high air ﬂow rate (or high pressure drop regime) except
the ones from Corey; whereas they deviate to some degree in the
regime of low air ﬂow rate. In particular, Huang, Fourar, and Eq.
(29) with nk of 2.5 show a better match within <10% of the mean
absolute error (MAE). In addition, when increasing nk, the pre-
dicted pressure drop increases. This is because a higher nk physi-
cally represents a larger effect of the liquid-phase presence on
the gas-phase ﬂow. Given that ﬂow pattern determines two-phase
interaction, the pressure drop can follow a speciﬁc trend for each
ﬂow pattern, in another word, one correlation of the relative per-
meability may ﬁt in one or a few ﬂow patterns, not all of them. A
higher value of exponent nk ﬁts in a ﬂow pattern where a larger im-
pact of liquid presence on air ﬂow is present, e.g. slug ﬂow. A low
value of nk is corresponding to the condition of stable liquid ﬁlm
ﬂow, where the two-phase interaction is relatively weak. Fig. 12
compares the model prediction using the set of determined expo-
nents in Eq. (29) and the experimental data for different ﬂow pat-
terns. The ﬂow pattern is determined through both ﬂow
visualization and measured pressure evolution. Adopting 2.49,
2.15 and 1.96 for nk is found to be the best match with the exper-
imental data, for slug, mixed and annulus ﬂow, respectively. As the
gas ﬂow rate increases, i.e. the inertial force dominates the ﬂow,
the wetting phase of liquid becomes ﬁlm and the exponent value
is around 2.0, close to the analytic result for annulus in a tube.
Fig. 9. Two-phase pressure drop measured by experiment and predicted by the Martinelli-parameter-based models.
Fig. 10. Two-phase pressure drop measured by experiment and predicted by the two-ﬂuid model.
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Fig. 11. Detailed comparisons between experimental data and model predictions on pressure drop using various relative permeability models.
Fig. 12. Determined nk values for each ﬂow pattern.
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analytical results for the ﬂows in a tube and two parallel plates
(i.e. nk = 2.0 and 3.0, respectively).4.3. Two-phase multiplier
The two-phase friction multiplier is an important parameter,
quantifying the effect of liquid presence on the gas-phase pressuredrop. Fig. 13 compares the experimental data with the empirical
models using the Lockhart–Martinelli parameter. Under the condi-
tions of high air ﬂow and low liquid ﬂow rates when two-phase
ﬂows are more stable, the gap among the model predictions is
small, and the model prediction shows a good agreement with
the experimental data. In the two cases of high liquid ﬂow rates,
most of the model predictions show acceptable agreement with
the experimental data. In Fig. 14, the experimental data are
compared to the predictions of the two-ﬂuid model using various
relative permeability correlations. As seen from the ﬁgure, the pre-
dictions vary considerably among the relative-permeability corre-
lations. For higher gas-ﬂow rates, the correlations of Huang et al.
and Fourar and Lenormand predict the experimental trend well;
under low air-ﬂow regimes using Eq. (29) with a larger exponent
value captures the trend better. The predictions using optimized
nk values are also plotted, showing a close match with the experi-
mental data.4.4. Two-phase ﬂow pressure drop
In addition to the friction multiplier, real-time pressure pro-
vides detailed information regarding two-phase ﬂow dynamics,
which is presented in Fig. 15. Upon slug formation, pressure drop
responds with a jump till the slug is removed out of the channel.
As the slug is removed, the pressure rapidly returns to the previous
low state. As a result, a spike appears in the pressure evolution
which reﬂects the formation and removal of one slug. In a real case
when slug forms constantly, the spike occurs periodically,
corresponding to slug formation and removal under low air veloc-
ity (UG < 2 m/s), as seen in Fig. 15. In addition, Tronconi [41]
Fig. 13. Two-phase friction multiplier measured by experiment and predicted by the Martinelli-parameter-based models.
Fig. 14. Two-phase friction multiplier measured by experiment and predicted by the two-ﬂuid model.
350 S.C. Cho, Y. Wang / International Journal of Heat and Mass Transfer 70 (2014) 340–352
Fig. 15. Real-time pressures under various operating conditions.
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nentially increases with decreasing air ﬂow rate. For the pattern
between slug and annulus, e.g. UG = 3.56 m/s, the overall pressure
drop becomes more stable with small ﬂuctuation caused by wavy
surface of corner ﬂow or droplet formation/removal in the corner
region. In annulus, which is stable and occurs at high air velocity,
the pressure drop becomes stabilized without any signiﬁcant
spikes. From the measurement, the critical air velocity for stabi-
lized ﬂow (i.e. no pressure ﬂuctuation) is about 2.0 m/s. Note that
the value of critical velocity is determined by channel dimension,
geometry, wall properties and ﬂuid properties.5. Conclusion
In this study, two-phase ﬂows in a micro hydrophilic channel
were studied experimentally, numerically, and analytically. Three
main ﬂow patterns were observed through visualization in the
range of operating condition, they are slug ﬂow, wavy, and annu-
lus. Two sets of models were considered for numerical study: they
are empirical models using the Lockhart–Martinelli parameter and
a two-ﬂuid model using various correlations of relative permeabil-
ity. Prediction of both models showed an acceptable agreement
with experimental data under low liquid ﬂow rates, while deviates
to some degree under high liquid rates. Under low gas and high
liquid ﬂow rates, ﬂow can be unstable, causing considerable ﬂuctu-
ation in pressure drop. Using the power-relation correlation for the
relative permeability to match with experimental data, the values
of the exponent are found to be 2.49, 2.15 and 1.96 for slug, wavy,
and annulus ﬂow, respectively. 2-D analysis on ﬁlm ﬂows in a tube
and 2D channel (two parallel plates) was performed, showing the
derived nk ranges 2.0–3.0. The real-time pressure was presented
and showed ﬂow pattern also affects pressure drop evolution;and slug formation/removal leads to pressure spikes. The critical
velocity Uc from stable ﬂow with no pressure ﬂuctuation to unsta-
ble ﬂow was found to be 2.0 m/s.Acknowledgements
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